The northern corn rootworm, Diabrotica barberi Smith & Lawrence (Coleoptera: Chrysomelidae), is a signiÞcant pest of corn, Zea mays L., in the north central part of the United States. The range of the insect extends from the eastern Great Plains (North Dakota south to Kansas) eastward to the Atlantic coast (Krysan and Smith 1987) . Differences in mitochondrial DNA (mtDNA) suggest an evolutionary history of reproductive isolation between eastern and western populations of northern corn rootworm. An examination of intraspeciÞc geographic variability by using polymerase chain reaction-restriction fragment length polymorphism of long mitochondrial DNA (mtDNA) amplicons revealed a strong eastÐwest geographical partition of mtDNA nucleotide sequences or haplotypes (Roehrdanz et al. 2003) . The mtDNA boundary previously observed for northern corn rootworm populations runs in a roughly north-to-south direction, with the line of demarcation located in east central Illinois. The main boundary zone is narrow, and the eastern populations exhibit less overall variability than the western populations. Nine haplotypes were found east of the boundary; two of these halotypes accounted for 96% of the insects, but the other seven were recovered only once each. West of the boundary, 46 haplotypes were found. The most numerous haplotype accounted for 49% of the insects sampled and was concentrated in central Illinois (69% frequency). Phylogenetic trees based on genetic distance measurements of the mtDNA produced two distinct clades, A and B, with a genetic difference of Ϸ2.5%. Insects east and west of the boundary belonged to two distinct mtDNA clades. The data indicate that there has been little genetic mixing of mtDNA across this boundary (Roehrdanz et al. 2003) .
Wolbachia species are intracellular bacteria with widespread distribution among insects, crustaceans, and nematodes (Werren 1997 , Stouthamer et al. 1999 . Depending on the detection methods used, Wolbachia species have been found in 20 Ð76% of insects (Werren et al. 1995a, Jeyaprakash and Hoy 2000) . Wolbachia infection is often associated with reproductive disruptions, including cytoplasmic incompatibility (CI), par-thenogenesis induction, feminization of males, and killing of male embryos. Wolbachia infection is maintained in a population via vertical transfer from mother to offspring. CI typically results in a level of embryonic mortality when Wolbachia-infected males mate with uninfected females. The reciprocal cross is compatible. This inheritance pattern can give the Wolbachia-infected females an advantage that allows Wolbachia infections to spread (McGraw and OÕNeill 1999) . The latter three Wolbachia-induced reproductive anomalies result in various degrees of femalebiased sex ratios. Because both Wolbachia infection and mtDNA are maternally inherited, an expanding Wolbachia infection is typically accompanied by the mtDNA haplotype(s) of the females that were initially infected. This process, known as a Wolbachia "sweep", can lead to a signiÞcant reduction of mtDNA diversity in the infected populations (Turelli et al. 1992 , Shoemaker et al. 1999 , Behura et al. 2001 , Armbruster et al. 2003 . Wolbachia strain identiÞcation and phylogenetics have relied primarily on the comparisons of partial nucleotide sequences of two Wolbachia genes, wsp and ftsZ (Werren et al. 1995b , Zhou et al. 1998 .
In preliminary investigations, we detected Wolbachia in some populations of northern corn rootworm from east of the Mississippi River. A screen for Wolbachia infection in Diabrotica species established its widespread occurrence in the western corn rootworm, Diabrotica virgifera virgifera LeConte and found it in other species [Diabrotica cristata (Harris)] but not in northern corn rootworm (Clark et al. 2001) . Because Wolbachia infections can establish breeding barriers, we investigated whether they could provide an explanation for the sharp mtDNA divide observed in the northern corn rootworm populations. Wolbachia infection of D. virgifera virgifera has been implicated maintaining the reproductive isolation of two subspecies, western corn rootworm and the Mexican corn rootworm, Diabrotica virgifera zeae Krysan & Smith (Giordano et al. 1997) . In this study, we examine whether the reproductive isolation in northern corn rootworm as manifested by mtDNA haplotype discontinuity is linked to infection by Wolbachia bacteria. Knowledge of mechanisms that can affect genetic diversity of northern corn rootworm is of interest because of this speciesÕ status as an economically important pest of corn.
Materials and Methods
Rootworms. Adult northern corn rootworms were collected and handled as described in Roehrdanz et al. 2003 . Many of the insects from that study also were used here along with newly collected insects from central Illinois. All of the collection sites are numbered and listed as part of Table 1 . For each collection site, the number of insects that were used in the previous study (Roehrdanz et al. 2003) are listed in a separate column. The locations of the numbered sites are shown in Fig. 1 . Insect and DNA samples are preserved at the USDA Biosciences Research Laboratory in Fargo, ND.
DNA Preparation and Polymerase Chain Reaction (PCR).
Total DNA from adult rootworms was prepared as in the previous work (Roehrdanz et al. 2003) . To determine the mitochondrial DNA clades of the insects, long PCR reactions of mitochondrial DNA segments, 12S-N4 (Ϸ5.5 kb) and CB2H-C2R (Ϸ7.2 kb) were done as described by Roehrdanz and Degrugillier (1998) .
The presence of Wolbachia bacteria was determined by conducting PCR with primers speciÞc for Wolbachia genes. Primers WOL-1 (5Ј-TTG TAG CCT GCT ATG GTA TAA CT) and WOL-2 (5Ј-GAA TAG GTA TGA TTT TCA TG) amplify a Wolbachia-speciÞc portion of the 16S ribosomal RNA gene (OÕNeill et al. 1992) , and they were used as an initial test for the presence of Wolbachia bacteria. The primers ftsZf1 (5Ј-GTT GTC GCA AAT ACC GAT GC) and ftsZf2 (5Ј-CTT AAG TAA GCT GGT ATA TC) amplify Ϸ1,050 bp of the ftsZ cell cycle protein (Werren et al. 1995b) . FtsZ-F (5Ј-TAC TGA CTG TTG GAG TTG TAA CTA AGC CGT) and ftsZ-R (5Ј-TGC CAG TTG CAA GAA CAG AAA CTC TAA CTC) amplify Ϸ570 bp in the middle of the larger ftsZ segment (Jeyaprakash and Hoy 2000) . An Ϸ600-bp piece of wsp, a Wolbachia surface protein gene, was ampliÞed with primers wsp-81 F (5Ј-TGG TCC AAT AAG TGA TGA AGA AAC TAG CTA) and wsp-691R (5Ј-AAA AAT TAA ACG CTA CTC CAG CTT CTG CAC) (Zhou et al. 1998) . The segment of the wsp gene includes the four hypervariable regions described by Baldo et al. (2005) . The PCR conditions were 35 cycles of 95ЊC for 1 min, 50ЊC for 1 min, 72ЊC for 3 min. Once the 16S primers determined the presence of Wolbachia in several northern corn rootworm individuals, the ftsZ and wsp gene segments were used to deÞne the nature and extent of infection.
DNA Analysis. The rootworm mtDNA long PCR segments were cleaved with restriction enzymes and assigned to haplotypes as described previously (Roehrdanz et al. 2003) . The ftsZ long amplicon and the wsp gene segment were cloned from individuals obtained from opposite sides of the mtDNA boundary.
Six ftsZ clones from northern corn rootworm and one from western corn rootworm were sequenced along with four northern corn rootworm and two western corn rootworm wsp clones. DNA sequencing was done by the Iowa State University DNA sequencing facility. GenBank accession numbers of Wolbachia sequences from this work are AF532961Ð 63 and AY136551Ð554 for ftsZ and AY138259 Ð 64 for wsp. DNA sequences were aligned using the AlignX component of VectorAdvance software package (Invitrogen, Carlsbad, CA) .
Wolbachia DNA sequences from other insects that were most similar to the Wolbachia sequences reported here were obtained from GenBank via a BLAST search. Other GenBank sequences were obtained from the literature, and they were chosen to reßect a range of Wolbachia supergroup A and B strains. Because the GenBank sequences vary with respect to their endpoints, we trimmed the ends of our sequences (and sometimes the database sequences as well) to obtain a collection of coincident nucleotides. a Site numbers correspond to map in Fig. 1 . b mtDNA clades found at site (see Roehrdanz et al. 2003 for description). c Wolbachia type not determined. d Number of insects that were part of the previous study (Roehrdanz et al. 2003 ).
e Total number of insects tested for Wolbachia.
We constructed trees with 867 bp of ftsZ and Ϸ550 bp of wsp. Tree construction was based on a sequence distance method and uses the neighbor joining (NJ) algorithm of Saitou and Nei (1987) . For the survey of Wolbachia distribution the presence of Wolbachia bacteria was determined by PCR ampliÞcation of either the ftsZ short fragment or the wsp fragment. AluI restriction fragment differences (634 and 228 bp for Type 1 versus 511 and 353 bp for Type 2) between the two types of cloned Wolbachia ftsZ sequences were used to classify the Wolbachia from these individuals (data not shown).
The mtDNA haplotype of individuals used in the previous study is known. Newly collected beetles from central and western Illinois came from areas that were previously determined to contain Ͼ99% mtDNA clade A individuals (Roehrdanz et al. 2003) . Rather than determine the detailed haplotypes for these insects, some restriction fragment length polymorphisms were used that had shown to be diagnostic for mtDNA clade A versus mtDNA clade B (data not shown).
Results
Wolbachia bacteria was detected in northern corn rootworm populations from the eastern portion of their range on both sides of the mtDNA genetic boundary in east central Illinois by using primers spe- ciÞc for Wolbachia 16S rDNA, ftsZ and wsp genes (Table 1 ; Fig. 1 ). Portions of the Wolbachia ftsZ and wsp genes were sequenced from two collection sites on each side of the mtDNA boundary. The 1,058-bp ftsZ sequences from northern corn rootworm can be segregated into two groups, designated NCR Type 1 and NCR Type 2. NCR Type 1 sequences were obtained from locations 60 (Armstrong, IL) and 61 (Jasper County, IN). Northern corn rootworm Type 2-carrying insects were obtained from locations 28 and 37 (Yorkville and Minonk, IL) (Fig. 1) . Two ftsZ clones were sequenced from the Yorkville and Armstrong insects and one clone each from Jasper and Minonk. A Wolbachia ftsZ clone from a Nebraska-collected western corn rootworm also was sequenced. The polymorphic nucleotide positions in the ftsZ clones are shown in Table 2 . Included in the table are two western corn rootworm ftsZ GenBank sequences from the work of Giordano et al. (1997) and Clark et al. (2001) . Those two sequences are slightly shorter than the sequences we obtained. The ftsZ sequences of NCR Types 1 and 2 differ by Ϸ3.1%, including one 3-bp deletion at nucleotides 905Ð907. The consensus NCR Type 1 Wolbachia ftsZ sequence is identical to the consensus ftsZ found in the congeneric western corn rootworm. The three NCR Type 2 sequences are identical.
For wsp, we sequenced single clones from the same four northern corn rootworm and one western corn rootworm individuals. An additional clone from a Brookings, SD, western corn rootworm individual also was sequenced. The Ϸ600-bp wsp sequences are also different in the two strains. As with the ftsZ sequence, the 611-bp NCR Type 1 wsp sequence is essentially identical to that from western corn rootworm. One clone from northern corn rootworm and one from western corn rootworm have different single base substitutions. NCR Type 2 sequences are only 599 bp and differ from the NCR Type 1 by 63 substitutions and 15 indels (insertions or deletions of nucleotides), resulting in a combined sequence difference of Ϸ13%. The two NCR Type 2 clones are identical. Table 3 has a comparison of the two most highly polymorphic sections of wsp, including the indels. The NCR Type 1 sequence codes for 200 amino acids compared with 196 for NCR Type 2. Including the deletions, there are 35 amino acid differences (0.823 similarity) between the wsp products of these two 27  28  33  39  42  45  99  138  144  353  361  376  544  545  565  582  633  639  642  654  663  774  865  868  874  879  905  906  907  912  933  954  965  967  994  1033  1035 wcr07552
Shaded boxes, majority nucleotide; X, sequence unavailable. a Diabrotica virgifera: wcr07552 (AY007552) (Clark et al. 2001) , wcr11271 (AF011271) (Giordano et al. 1997) , wcrGR (AY136551) (Gresham, NE). D. barberi: ncr1ARa (AY136552) and ncr1ARb (AY136553) (Armstrong, IL); ncr1IN (AY136554) (Jasper County, IN); ncr2MN (AF532961) (Minonk, IL); ncr2YKa (AF532962); and ncr2YKb (AF532963) (Yorkville, IL). Wolbachia strains for the interval examined. Baldo et al. (2005) have characterized this portion of the Wolbachia wsp gene as being composed of four hypervariable regions interspersed with more conserved segments. The two regions shown in Table 3 correspond to what they have designated as hypervariable region two and hypervariable region 4.
Most of the Wolbachia strains derived from insects can be divided into two major supergroups, A and B (Lo et al. 2002) . To determine to which supergroup our sequences belonged, we conducted a distancebased phylogenetic analysis by using 867 bp of the ftsZ and Ϸ550 bp of the wsp genes. We compared our sequences with sequences from the GenBank database from each of the two supergroups. The ftsZ and wsp sequences from both the NCR Types 1 and 2 cluster within the Wolbachia supergroup A (Fig. 2) .
We measured the distribution of Wolbachia in northern corn rootworm by using two different parameters, geographical location and mtDNA haplotypes. In total, 326 northern corn rootworm adults with known mtDNA haplotypes were tested for Wolbachia infection, among them 89 from east of the mtDNA boundary and 237 from west of the boundary. These insects were all part of the previous mtDNA diversity study (Roehrdanz et al. 2003) . New collections were acquired from west of the mtDNA boundary in Illinois. From these collections, 251 individuals were tested for Wolbachia infection. The Þrst 85 of these individuals tested by restriction fragment length polymorphism, all belonged to mtDNA clade A. The remaining individuals from the same localities were not speciÞcally tested for mtDNA clade, but nearly all of them are likely to be members of clade A based on the combined observations of this and the previous study (Roehrdanz et al. 2003 ) that 325 of 329 (98.8%) northern corn rootworm collected west of the mtDNA boundary in Illinois in this region. have belonged to clade A. Differentiation between Wolbachia strains NCR Type 1 and Type 2 was based on the restriction fragment length polymorphism patterns of ftsZ amplicon by using the AluI restriction enzyme. For some individuals, especially along the mtDNA boundary, the restriction fragment length polymorphism pattern was ambiguous, and their Wolbachia type could not be assigned.
The incidence of Wolbachia infection by collection site is presented in Table 1 . The relative locations of the 66 collection sites are shown in Fig. 1 . Wolbachia infection rate declines from east to west in Illinois. Starting in the middle of Fig. 1 results described here and those of Clark et al. 2001 . The broad stippled band in Fig. 1 indicates the approximate location of a Wolbachia Ϯ boundary in central Illinois. That boundary is Ϸ120 km west of the mtDNA dividing line, and it is best described as a declining gradient of infection. The decline in Wolbachia infections across this region parallels a decline in the frequency of mtDNA haplotype 2.
The distribution of Wolbachia strains among the mtDNA haplotypes is presented in Table 4 . Approximately 85% of the mtDNA clade B individuals were infected with Wolbachia bacteria, primarily in haplotypes 38 and 44. No clearly identiÞable NCR Type 2 Wolbachia bacteria were observed in this group. Among the beetles that were conÞrmed to be mtDNA clade A individuals, 70.7% were infected with Wolbachia bacteria. Most of these individuals belonged to haplotypes 2, 15, and 29. If the undetermined but presumptive clade A insects are included the infection rate drops to 56%. All of the 214 identiÞed Wolbachia isolates from clade A insects were strain NCR Type 2. Figure 3 contains a haplotype network of the more common haplotypes (four or more individuals) identiÞed here. It is derived from a similar network in our previous work (Roehrdanz et al. 2003 . Haplotype 2 is the dominant haplotype in the clade A portion of the network. Among the fully identiÞed mtDNA clade A haplotypes tested for Wolbachia bacteria, 71% are haplotype 2. The branch including haplotypes 2, 15, and 29 has an infection rate of 75.5%. By contrast, the other branches of clade A contained only one infected individual out of 27 (3.7%). In clade B, insects with haplotypes 38 and 44 have a high infection rate (90.1%), but individuals with haplotype 30 seem to be uninfected. Wolbachia sequences indicate that each type resides mostly in only one of the previously reported mtDNA clades. Thus, the two identiÞed Wolbachia strains seem to segregate with the respective mtDNA clades that deÞne the mtDNA genetic boundary in eastern Illinois (Fig. 3) .
Discussion
We found Wolbachia infection to be common in northern corn rootworm collected from Illinois to Pennsylvania. The screen for Wolbachia by Clark et al. (2001) in several species of Diabrotica failed to Þnd any evidence of infection in northern corn rootworm. This is likely a consequence of their restricted sam- Table 4 . Large numbers outside the circles are mitochondrial haplotypes. Bars on connecting lines indicate the minimal number of restriction site changes (Roehrdanz et al. 2003) . Fractions inside circle are number of Wolbachia-infected versus total number tested. That fraction is also represented by the shaded area of the circles. (Fig. 1) . There are no apparent morphological differences between the two clades. In all likelihood the geographical position of the mtDNAÐWolbachia Type 1 and 2 boundary is an accident of history. Two separate Wolbachia infections occurred in northern corn rootworm with each spreading at its own rate until the mutually incompatible infections collided and the boundary was established. Because the northern corn rootworm collections were obtained in a narrow window of only a few years, we currently have no evidence that this boundary is being pushed in either direction. A follow-up survey is planned for the future to determine whether the boundary positions are dynamic. Two general schemes might be considered to account for any future movement of this boundary. Such movement could be the result of unpredictable changes in the local environment that favors one of the two populations. Alternatively, the reproductive incompatibility of the two Wolbachia strains may not be equal, giving one of the two stains a small but persistent advantage in interstrain matings, resulting in a constant pressure in one direction.
The boundary between the NCR Type 2 Wolbachiainfected beetles and uninfected beetles seems to be less distinct, suggesting that this boundary may still be changing. Because Wolbachia is well known for its ability to spread into uninfected populations, we would predict that the infection would expand westward into uninfected northern corn rootworm populations. However, not all Wolbachia infections spread rapidly. The congeneric corn rootworm subspecies western corn rootworm and Mexican corn rootworm are divided by Wolbachia-based CI (Giordano et al. 1997) . Western corn rootworm harbors Wolbachia bacteria, but Mexican corn rootworm does not. Regardless, the apparent subspecies boundary has not moved markedly at least during the latter half of the 20th century (Krysan and Smith 1987) . The current northern corn rootworm Wolbachia boundary locations are based on 1998 Ð2001 insect collections. There are no obvious geological features associated with either boundary. Adult insects can ßy and infected beetles should be capable of some movement to the west despite the prevailing winds ßowing from west to east. Repeated collections over a longer time frame than we have used would be necessary to detect any measurable movement of the northern corn rootworm boundaries.
The two Wolbachia types observed both belong to supergroup A, but they are sufÞciently divergent to be considered separate strains. A BLAST search of GenBank by using the NCR Type 2 ftsZ nucleotide sequence returned a sequence from the beetle Byturus tomentosus (De Geer) (Malloch et al. 2000) as nearly identical (0.1% difference) over 957 bp, but this is only part of one gene from the entire Wolbachia genome. Other genes from both northern corn rootworm and Byturus Wolbachia-infected individuals would need to be examined to more Þrmly establish a link between those two strains.
Although maternal inheritance perpetuates Wolbachia infections, the evidence indicates that Wolbachia bacteria enter a species through horizontal transfer from another species (Ono et al. 2001 , Jiggins et al. 2002 , Mitsuhashi et al. 2002 , Tsutsui et al. 2003 . We were surprised that the northern corn rootworm Wolbachia found from eastern Illinois to Pennsylvania seems to be the same strain of Wolbachia as the Wolbachia from western corn rootworm for both ftsZ and wsp. Could the eastern population of northern corn rootworm have acquired this Wolbachia strain via transfer from its close congener, western corn rootworm? The two species are currently very similar in life cycle and feeding preferences, and they display extensive sympatry. Therefore, opportunities for close interactions abound and the potential for transfer seems plausible. There are no data to support vertical transfer via interspeciÞc hybridization. The genetic divergence between western corn rootworm and northern corn rootworm mtDNA is twice the divergence between the two major northern corn rootworm clades (Szalanski et al. 2000 , Roehrdanz et al. 2003 ; thus, the Type 1 Wolbachia-infected northern corn rootworms do not contain western corn rootworm-like mtDNA. The argument against horizontal transfer resides in the historical records of the distribution of D. barberi and D. virgifera. Krysan and Smith (1987) place the range of northern corn rootworm as covering approximately the northeastern quadrant of the United States. The current range of western corn rootworm includes much of that same area and extends south and west to southern Mexico. However, the entire eastern expanse of western corn rootworm is the result of a recent invasion proceeding from west to east. Western corn rootworm was not reported from east of the Mississippi River until the second half of the 20th century, with the Þrst report from Illinois coming in 1964 (Petty 1965) . If northern corn rootworm were to have acquired Wolbachia Type 1 directly from western corn rootworm, for example, through a common parasitoid, the entire process of infection, geographic spread, and establishment of the boundary zone would have to have occurred in Ͻ35 yr. That seems like a very short time period for an infection that is spread via the reproductive cycle and not external contact in a univoltine species. The Ͼ2% mtDNA genetic divergence between clades A and B implies that their separation is very old, perhaps on the order of a million years (Brower 1994) . In the absence of any evidence that the NCR Type 1 strain originated recently from western corn rootworm or vice versa, the similarity of the strains might be coincidental. After all, there is no demonstrable connection between northern corn rootworm and B. tomentosus, yet their Wolbachia sequences are very similar. The complete genome of an insect-borne Wolbachia strain has been sequenced (Wu et al. 2004) , and the availability of many more genes may help deÞne their intrastrain evolutionary pathways. Baldo et al. (2006) have recently proposed a more sophisticated system of categorizing Wolbachia strains that uses sequences from multiple loci.
One practical concern is whether such a dramatic delineation of population diversity inßuenced by different Wolbachia strains could be accompanied by heritable traits that might differentially affect control programs. Insecticide resistance, extended diapause, and other phenotypes all pose a threat to current control technologies. Even in the presence of mutually incompatible strains of Wolbachia, whether Wolbachia can act as a barrier to nuclear gene ßow and possibly as a speciation agent is still subject to debate. Unidirectional CI combined with another isolation mechanism may push populations to diverge (Shoemaker et al. 1999 (Shoemaker et al. , 2003 . Telschow et al. (2002) have shown that when bidirectional CI is present, reduced gene ßow, genetic divergence, and even speciation may be possible. Alternatively, Ballard et al. (2002) present evidence that Wolbachia generated mtDNA differentiation does not lead to reduced gene ßow and nuclear gene differentiation in a fruit ßy. In another dipteran, it is reported that Wolbachia-associated mtDNA sweeps do not correlate with nuclear genetic differentiation (Baudry et al. 2003 ). An examination of the level of introgression in populations of northern corn rootworm by using polymorphic nuclear genetic markers could be used to determine the impact of presumptively incompatible Wolbachia infections on nuclear gene ßow.
